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Abstract:  We  studied  the  appearance  of  second-  and  third-order  Bragg 
reflections  in  cholesteric  liquid  crystals  (CLCs)  in  cells  where  the  electric 
field  was  perpendicular  to  the  helical  axis.  Second-order  reflections  with 
reflectance  values  as  large  as  80%  of  the  first-order  one  were  observed  in 
the  gap  regions  of  alignment  cells  with  interdigitated  electrodes  for  CLC 
mixtures  with  pitches  in  the  range  0. 5-1.0  pm  upon  application  of  a  field. 
The  characterization  was  enabled  by  local  probing  of  the  CLC  using  a 
microspectrophotometer.  LC  cells  that  are  transparent  in  the  visible 
spectrum  in  the  off-state  and  become  colored  upon  application  of  a  field  due 
the  second-  or  third-order  reflection  band  appearance  were  demonstrated. 
The  spectral  position  of  the  higher-order  Bragg  reflections  can  also  be  tuned 
by  adjusting  the  magnitude  of  the  electric  field. 
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1.  Introduction 

A  cholesteric  liquid  crystal  (CLC)  in  a  planar  texture  acts  as  a  one-dimensional  Bragg  filter. 
For  light  incident  along  the  normal  to  the  cell  (parallel  to  the  helical  axis),  the  center  of  the 
Bragg  diffraction,  2(i,,  occurs  at  [1]: 


\n=i>P(  0)  (1) 

where  n  is  the  average  refractive  index  of  the  medium  and  p(0)  is  the  pitch  of  the  helix  in  the 
absence  of  external  fields.  It  is  known  that  when  an  electric  field  is  applied  perpendicular  to 
the  helical  axis  of  a  CLC,  materials  with  positive  dielectric  anisotropy  and  in  a  planar 
conformation  experience  an  elongation  of  the  pitch  but  retain  the  planar  texture,  leading  to  a 
redshift  of  the  diffraction  peak  [1-3].  The  pitch  diverges  to  infinity  for  fields  approaching  the 
critical  value  Ec,  which  depends  on  the  physical  properties  of  the  liquid  crystal  (pitch,  elastic 
constant,  dielectric  anisotropy)  [1,4].  This  pitch  increase  is  accompanied  by  a  deformation  of 
the  helical  structure  so  that  the  angle  formed  by  the  liquid  crystal  director  with  a  reference 
axis  in  the  plane  of  the  substrate  is  no  longer  proportional  to  the  coordinate  along  the  helical 
axis.  Under  these  conditions,  Bragg  reflections  of  all  orders  are  in  principle  active  for  light  at 
normal  incidence  and  their  wavelengths  are  given  by  [3,  5,  6]: 

m\m)(E)  =  np(E)  (2) 

where  m  is  an  integer  and  p(E)  is  the  pitch  for  an  electric  field  of  magnitude  E  perpendicular 
to  the  helical  axis.  For  E  =  0  and  rn  =  1,  Eq.  (2)  reduces  to  Eq.  (1).  For  the  ideal  helix  (E  =  0), 
selection  rales  restrict  Bragg  reflection  to  the  first  order  only.  A  situation  similar  to  that 
described  by  Eq.  (2)  is  realized  when  a  magnetic  field  is  applied  perpendicular  to  the  helical 
axis  [6-8].  Other  types  of  deformation  of  the  helical  structure  also  affect  the  selection  rales 
for  diffraction  from  a  CLC  layer  and  can  result  in  activation  of  modes  with  rn  >  1  [5],  In 
addition,  Bragg  reflections  with  m  >  1  are  active  for  unperturbed  helices  probed  at  inclined 
incidence  (in  this  case  depends  also  on  the  incidence  angle)  [3,  9,  10].  Calculations  of  the 
light  propagation  through  deformed  helices  have  shown  that  the  diffraction  efficiency  for  high 
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order  modes  can  be  large  and  have  a  different  polarization  dependence  with  respect  to  the  m  = 
1  mode  [3,  7,  10]. 

Few  experimental  reports  are  available  on  field-induced  high-order  modes;  when  present, 
the  measured  efficiencies  of  these  modes  were  small.  In  the  early  work  by  Blinov  et  al.  [11], 
the  second  order  mode  was  observed  for  CLCs  with  a  pitch  between  1  and  2.5  pm  although  a 
high-sensitivity  setup  was  needed  to  allow  the  detection  of  the  weak  signals.  In  that  report,  the 
change  in  transmittance  associated  with  the  second  order  mode  was  found  to  scale  as  A3'5  and 
to  have  a  magnitude  of  ~4%  at  0.5  Ec.  The  same  report  mentioned  that  third-  and  fourth-order 
reflections  were  not  observed  in  long  pitch  CLCs  even  though  those  modes  would  have  been 
in  the  wavelength  range  of  the  detection  system;  this  was  ascribed  to  the  low  intensity 
expected  for  m  >  2  modes.  At  least  one  report  contains  an  appreciable  second-order  mode  and 
a  smaller,  but  measurable,  third-order  mode  [12].  For  this  case,  the  deformation  was  the  result 
of  photo-induced  diffusion  during  polymerization  and  as  such  was  present  without  application 
of  an  electric  or  magnetic  field. 

Here  we  observe  higher-order  (m  >  1)  reflections  for  various  CLC  mixtures  with  the  main 
(m  =  1)  reflection  in  the  near-infrared  range  in  cells  with  interdigitated  electrodes  (IDEs). 
These  findings  were  made  possible  by  measuring  reflection  spectra  with  spatial  selectivity 
within  the  gap  regions  of  the  cell  by  use  of  a  microspectrophotometer.  We  show  that  large 
reflectances  for  the  second-order  mode  can  be  achieved  in  various  samples  in  the  center  of  the 
gap  regions  between  electrodes.  The  efficiency  of  second-order  reflections  increases  with  the 
magnitude  of  the  applied  field  and  can  become  comparable  to  that  of  the  first  order  reflection 
at  high  fields.  Third-order  reflection  bands  could  also  be  observed  in  samples  for  which  /l(i)/3 
is  in  the  visible  range.  The  reflectance  of  the  second  and  third-order  modes  in  these  samples  is 
large  enough  to  yield  changes  in  the  visual  color  of  the  CLC  in  gap  areas.  This  phenomenon 
may  be  used  to  fabricate  filters  that  are  transparent  in  a  given  wavelength  range  in  the  off- 
state  (no  electric  field)  but  exhibit  an  electrically-induced  and  tunable  reflection  band  when  an 
electric  field  is  applied. 

2.  Materials  and  experimental  details 

The  compositions  of  the  CLC  mixtures  used  in  this  investigation  are  reported  in  Table  1.  All 
compounds  were  obtained  from  Merck  and  used  as  received.  The  nematic  liquid  crystal  hosts 
have  positive  dielectric  anisotropy  (Ae  >  0)  in  the  frequency  range  of  interest  here.  The  IDE 
cells  consist  of  two  sets  of  linear  and  parallel  electrodes  patterned  in  the  ITO  layer  on  one  of 
the  glass  substrates  and  where  the  other  substrate  is  uniform  glass.  The  cell  parameters  were: 
w-  56  pm,  d  =  44  pm,  h  =  4. 8-5.0  pm,  where  w  is  the  width  of  each  electrode  pad,  d  is  the 
distance  between  electrodes  (gap),  and  h  is  the  cell  thickness.  The  top  and  bottom  substrates 
of  the  cell  had  been  coated  with  polyimide  and  the  rubbing  direction  was  parallel  to  the 
electrodes.  The  cells  were  filled  by  capillary  action  while  heated  on  a  hot  plate  set  slightly 
above  the  clearing  temperature  of  the  mixtures.  For  IDE  cells,  the  electric  field  at  the  center  of 
the  gaps  can  be  expressed  as  Egap  =/  VI d,  where  V  is  the  potential  difference  applied  between 
the  two  sets  of  electrodes  and  /is  a  form  factor  that  depends  on  the  electrode  dimensions  and 
shape.  For  the  cells  used  in  this  study,  we  estimated  that  f  —  0.6,  based  on  simulations  of  the 
electric  field  in  an  empty  cell  [13].  The  gap  electric  field  in  V/pm  is  thus  Egap  =0.0107  V (with 
V  in  volts).  The  electric  field  was  applied  as  a  square  wave  at  1  kHz  using  a  function 
generator  (Agilent,  model  33120A)  and  an  amplifier  (MTS,  model  M94100).  The  potential 
differences  and  electric  fields  quoted  in  the  text  are  root-mean-square  (rms)  values. 


Table  1.  Composition  of  the  Cholesteric  Liquid  Crystal  Samples 


Sample  ID 

Nematic  host 

Chiral  dopant 

7(i) 

(nm) 

Ec 

(V/pm) 

type 

content 

(wt%) 

type 

content 

(wt%) 

#1 

BL037 

96 

R101 1 

4 

1217 

2.82 

#2 

BL038 

76 

CB15 

24 

944 

3.01 

#3 

E7 

80 

R81 1 

20 

835 

4.15 
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Reflection  spectra  were  obtained  on  a  microspectrophotometer  (CRAIC  Technologies, 
model  MSP  121)  using  a  36X  objective  and  a  sampling  spot  size  of  ca.  4  pm  x  4  pm, 
averaging  2-10  acquisitions  per  spectrum  and  with  a  2  s  collection  time  per  scan.  Even  at  this 
collection  time  (the  upper  limit  for  the  instrument),  the  counts  at  the  edge  of  the  detector 
range  are  small,  resulting  often  in  curved  or  noisy  baselines  at  the  short  and  long  wavelength 
edges.  The  number  of  scans  was  kept  relatively  low  in  order  to  reduce  the  contribution  of  dark 
defects,  which  sometime  formed  during  the  measurement  or  moved  across  the  probed  area. 
Natural  light  was  used  in  all  cases.  The  spectra  are  reported  relative  to  the  reflectance  of  a  flat 
aluminum  mirror,  which  was  used  as  a  reference  under  the  same  illumination  and  collection 
conditions  as  the  samples.  However,  because  of  some  uncertainty  in  adjusting  sample  height 
at  the  focal  plane  of  the  objective  for  the  reference  and  the  sample  specimens,  we  observed 
variations  in  reflectance  values  by  a  few  percent  in  independent  measurements  on  the  same 
nominal  sample.  Measurements  were  conducted  on  a  given  sample  sequentially  at 
increasingly  larger  voltages,  without  turning  the  field  off  or  changing  the  stage  height 
between  scans.  As  such,  spectra  obtained  in  the  same  measurement  session  are  affected  by 
smaller  instrumental  repeatability  and  changes  in  reflectance  should  represent  actual 
variations  in  materials  properties.  It  should  be  mentioned  that,  due  to  the  use  of  a  microscope 
objective  to  illuminate  the  sample,  the  incoming  beam  includes  components  forming  a  non¬ 
zero  angle  with  the  helical  axis.  In  principle,  the  second-order  mode  could  be  present  even  in 
the  unbiased  sample.  As  we  see  no  evidence  of  this  mode  at  0  V  in  the  measured  reflectance 
spectra  for  any  of  the  samples,  we  infer  that  its  efficiency  over  the  cone  angle  of  the  excitation 
beam  is  below  our  detection  limit. 

Images  were  collected  through  a  CCD  camera  attached  to  the  same  microscope  and  were 
recorded  immediately  before  or  after  the  measurement  of  a  reflection  spectrum  at  the  center  of 
the  visual  field.  For  the  cell  parameters  used  here,  no  significant  difference  was  observed  in 
reflection  spectra  obtained  with  illumination  on  the  patterned  or  unpattemed  substrates,  as  we 
discussed  previously  in  [13].  The  critical  fields  included  in  Table  1  are  estimated  from  the 
lowest  voltages  for  which  no  reflection  was  detected  from  the  samples;  their  uncertainty  is 
about  ±  5%. 

3.  Results  and  discussion 

3.1  Dependence  of  second-order  mode  reflectance  on  voltage 

The  magnitude  and  direction  of  the  electric  field  is  nonuniform  in  cells  with  IDEs.  Thus,  the 
response  of  the  CLC  when  a  potential  difference  is  applied  between  the  two  sets  of  electrodes 
varies  with  location  in  the  cell.  We  are  interested  in  the  behavior  when  the  electric  field  is  in 
the  plane  of  the  cell  substrate,  and  thus  perpendicular  to  the  helix,  which  occurs  only  in  the 
central  region  of  the  gaps  between  electrodes.  A  microspectrophotometer  can  be  used  to 
selectively  probe  the  sample  in  various  locations  by  choosing  spot  sizes  small  with  respect  to 
the  electrode  pattern  dimensions.  We  have  used  this  measurement  tool  to  understand  the 
effect  of  IDE  cell  geometry  on  the  changes  in  reflection  spectra  of  CLCs  as  a  function  of 
electric  field  strength  [13].  The  same  microspectrophotometer  was  used  in  the  current  study 
and  ah  the  spectra  reported  here  were  obtained  at  the  center  of  gap  regions,  within  an  area 
approximately  4x4  [.im2.  The  concentration  of  chiral  dopant  in  each  of  the  samples  was 
chosen  to  yield  a  Bragg  reflection  in  the  absence  of  fields  at  wavelengths  above  800  nm,  so 
that  the  second-order  band  would  be  above  the  short-wavelength  cutoff  for  our  detector  and 
glass  substrates. 
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Fig.  1.  Reflection  spectra  of  sample  #1  in  the  range  of  the  main  reflection  band  (bottom  graphs) 
and  of  the  second-order  reflection  (top  graphs)  as  a  function  of  applied  voltage:  (a)  0  V,  54  V 
(0.21  Ec),  72  V  (0.27  Ec);  (b)  108  V  (0.41  Ec),  161  V  (0.61  Ec). 

The  first-order  reflection  band  for  sample  #1  is  centered  at  1217  nm  and  no  other  features 
are  present  in  the  spectrum  at  zero  voltage  apart  from  a  small  modulation  of  the  baseline 
signal  due  to  reflections  at  the  cell  substrates/CLC  interfaces  [black  trace  in  Fig.  1(a)].  When 
a  voltage  is  applied,  starting  at  about  50  V,  a  weak  reflection  band  appears  around  half  the 
wavelength  of  the  main  band  [606  nm  in  the  case  of  Fig.  1(a)]  and  it  increases  in  intensity 
with  increasing  potential  difference  [Fig.  1(b)].  This  band  is  due  to  the  activation  of  the 
second-order  Bragg  reflection  once  the  cholesteric  helix  becomes  deformed  in  the  presence  of 
the  electric  field.  A  similar  behavior  was  observed  for  samples  #2  and  #3.  For  the  voltage 
range  included  in  Fig.  1,  there  were  no  changes  in  the  shape  and  position  of  the  first-order 
reflection  band.  The  wavelength  dependence  with  voltage  of  the  m  =  1  and  2  modes  will  be 
discussed  in  Section  3.2. 

The  magnitude  of  the  second-order  band  continues  to  increase  as  a  function  of  electric 
field  up  to  0.7-0. 8  Ec  for  all  three  samples  (results  for  #1  and  #2  are  given  in  Fig.  2;  the 
experimental  estimate  of  Ec  for  each  of  the  samples  is  given  in  Table  1).  The  reflectance 
values  follow  approximately  a  power  law  a(E/Ec)h  with  2  <  6  <  3  for  £  <  0.7  Ec.  We  find  that 
the  values  of  the  exponent  b  differ  from  sample  to  sample  ( b  =  2.9,  2.3,  and  2.6  for  sample  #1, 
#2,  and  #3,  respectively)  and  that  they  are  smaller  but  on  the  same  order  as  the  value  reported 
by  Blinov  et  al.  {b  =  3.5)  [11].  The  reason  for  the  spread  in  b  values  is  unclear,  but  it  could  be 
related  to  an  actual  dependence  of  the  mode  efficiency  on  material  parameters  or  to  the 
formation  of  defects  and  multidomain  structures  (these  were  observed  more  prominently  in 
sample  #3  than  in  samples  #1-2).  Calculations  of  light  propagation  in  deformed  structures 
over  a  wide  range  of  field  and  materials  parameters  should  help  in  identifying  the  origin  of  the 
variation.  Calculation  results  currently  available  in  the  literature  were  obtained  on  a  small  set 
of  field  magnitudes  and  materials  [5-7].  If  present,  defects  often  appear  in  microscope  images 
as  dark  lines  (weak  or  no  reflectance)  spanning  the  gap  approximately  along  the  field 
direction  and  they  are  not  static.  If  these  move  across  the  measurement  spot  during  the  course 
of  a  spectrum  collection,  the  effective  reflectance  would  appear  lower  than  that  of  the 
domains  on  either  side  of  the  defects. 
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Fig.  2.  Reflectance  of  the  m  =  2  band  as  a  function  of  applied  voltage:  (a)  sample  #1,  (b) 
sample  #2.  For  any  given  voltage,  the  electric  field  relative  to  Ec  can  be  read  in  the  scale  at  the 
top  of  the  graph.  The  reflectance  values  (relative  to  aluminum)  are  reported  after  subtraction  of 
the  signal  for  the  0  V  case  at  the  same  wavelength.  Differently  colored  symbols  correspond  to 
measurements  at  three  sample  locations. 

For  fields  above  0.8  Ec,  the  second-order  band  exhibited  a  drastic  decrease  in  reflectance. 
This  was  often  accompanied  by  a  broadening  of  the  bands  and  the  appearance  of  a 
substructure  consisting  of  a  series  of  peaks  and  valleys,  possibly  due  to  interference.  In  this 
field  range,  the  main  reflection  band  at  l(i) (E)  also  became  weaker  and  developed  a  structured 
bandshape.  A  larger  number  of  faster  moving  defects  were  often  observed  in  this  field  range. 

All  three  samples  exhibit  large  reflectance  of  the  second-order  mode  (above  20%)  over  a 
range  of  voltages.  The  maximum  reflectance  was  about  40%  for  sample  #1  [see  Fig.  2(a)], 
30%  for  sample  #2  [Fig.  2(b)],  and  22%  for  sample  #3.  At  0.5  Ec,  the  reflectance  of  the  m  =  2 
mode  was  on  the  order  of  10%  for  samples  #1  and  2.  This  is  significantly  larger  than  that  for 
the  case  in  [1 1].  We  cannot  exclude  that  the  difference  with  the  present  case  is  ascribable  to  a 
material  dependence  of  the  efficiency.  However,  as  we  observed  large  reflectances  in  samples 
with  different  dopants  and  host  components  (see  Table  1),  the  effect  should  not  be  particularly 
rare.  We  observed  less  efficient  (10-15%)  second-order  reflection  bands  in  IDE  cells  with 
smaller  electrodes  and  gaps  [14].  We  believe  the  lower  efficiency  measured  in  our  previous 
work  is  due  to  the  fact  that  the  electric  field  was  not  constant  through  the  thickness  of  those 
cells.  Field  inhomogeneity,  however,  cannot  account  for  low  reflectances  observed  by  Blinov 
et  al.  [11],  as  no  IDEs  were  present  in  that  case.  20  pm  thick  metal  strips  (200  to  500  pm 
apart)  were  used  as  both  electrodes  and  spacers  [11],  suggesting  that  the  field  should  have 
been  constant  throughout  the  cell. 

3.2  Wavelength  of  second-order  reflection  band 

As  mentioned  in  the  introduction,  when  an  electric  field  is  applied  perpendicular  to  the  axis  of 
the  CLC  helix,  the  pitch  is  expected  to  extend  and  become  infinite  at  Ec.  A  redshift  of  the 
first-order  band  is  indeed  observed  in  all  samples  (see  Fig.  3  for  data  on  samples  #1-2).  As 
can  be  seen  from  the  graphs,  the  change  in  the  reflection  band  position,  and  thus  pitch,  takes 
place  in  discrete  steps,  not  continuously  as  a  function  of  increasing  voltage.  This  can  occur  in 
the  case  of  strong  anchoring  at  the  two  substrates  of  the  cell,  for  which  only  an  integer 
number  of  half  pitches  (the  period  of  the  band  gap  structure)  can  be  accommodated  in  the 
thickness  of  the  cell  at  any  given  voltage  [15,  16].  The  finite  step  in  band  position  then 
corresponds  to  a  decrease  in  the  number  of  periods  by  one.  In  the  absence  of  field,  discrete 
changes  in  pitch  due  to  boundary  conditions  have  also  been  observed  as  a  function  of 
temperature  and  composition  (see,  for  example,  [17,  18]).  We  have  recently  reported  on  the 
experimental  observation  of  the  step-wise  change  in  pitch  as  a  function  of  electric  field  for  a 
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sample  equivalent  to  #1  [19].  The  current  findings  on  samples  #2-3  indicate  that  this  behavior 
can  be  easily  observed  in  various  CLC  mixtures  when  the  spectra  are  collected  with  spatial 
resolution  within  the  gap  between  electrodes.  In  Fig.  3,  the  black  dashed  line  represents  the 
behavior  expected  for  a  system  with  weak  anchoring,  according  to  the  derivation  by  de 
Gennes  [2].  In  the  presence  of  strong  anchoring  the  traces  would  instead  be  a  series  of  step 
functions  up  to  the  critical  field  [15,  20,  21].  In  Fig.  3,  for  simplicity,  we  draw  only  the  curve 
describing  the  theoretical  pitch  variation  for  weak  anchoring,  setting  the  vertical  asymptote  at 
the  first  voltage  value  at  which  no  reflection  band  was  observed. 


(a)  (b) 

BEC  E/Ec 


Fig.  3.  Wavelength  of  the  center  of  the  first-order  (circles)  and  second-order  (squares) 
reflection  bands:  (a)  sample  #1,  (b)  sample  #2.  Differently  colored  symbols  correspond  to 
measurements  at  three  sample  locations,  which  were  the  same  as  for  the  data  in  Fig.  2.  The 
black  dashed  line  is  for  the  de  Gennes  model. 

The  second-order  mode  appears  at  low  voltages  around  2(i)(0)/2  and  then  shifts  to  longer 
wavelength  in  step  with  the  first-order  one  as  the  voltage  is  increased  (Fig.  3),  in  agreement 
with  Eq.  (2).  It  should  be  noted  that  in  the  case  of  sample  #1,  the  first-order  band  moved 
outside  the  detector  range  for  V  >  210  V  and  thus  Fig.  3(a)  only  reports  data  points  for  the 
second-order  band  at  high  voltages. 

Close  inspection  of  the  position  of  the  second-order  bands  shows  that  2(2 )(E)  is  not  located 
exactly  at  a(1)(E)/2  but  at  slightly  longer  wavelengths.  For  example,  the  ratios  Aa)(E)lA{i](E) 
were  found  to  be  0.508  and  0.513  for  samples  #2  and  #3,  respectively.  Given  the  resolution  of 
the  spectrometer  these  ratios  should  be  reliable  to  about  ±  0.001  and  thus  the  values  for  the 
two  samples  should  be  distinct.  The  deviation  of  the  ratios  from  '/2  is  due  to  the  dispersion  of 
the  refractive  index.  In  fact,  assuming  a  normal  dispersion  of  the  refractive  index  for  X  > 
/.(,„)(£),  from  Eq.  (2)  we  can  write  for  any  given  value  of  E: 

jw22  ,  1  (3) 

where  the  subscript  in  n  indicates  explicitly  the  wavelength  at  which  it  has  to  be  evaluated. 
Using  the  parameters  for  a  three-coefficient  Cauchy  model  of  the  refractive  index  of  E7 
reported  by  Li  et  al.  in  [22],  we  estimate  from  Eq.  (3)  X(2)(E)/X^(E)  =  0.521  for  sample  #3  (a 
ratio  of  0.513  would  be  expected  for  a  sample  with  2(1)(0)  =  1.0  pm).  This  number  is  larger 
than  the  experimental  results.  Small  changes  in  the  refractive  index  of  the  medium  due  to  the 
presence  of  R8 1 1  in  the  mixture  or  some  asymmetry  in  the  shape  of  the  reflection  band,  either 
because  of  the  presence  of  multiple  domains  or  a  field-induced  variation  in  polarization 
dependence  of  the  reflectance,  could  account  for  the  discrepancy. 
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3.3  Observation  of  m  —  3  reflections 

For  the  three  samples  investigated  we  could  also  observe  a  weak  band  around  Am(E)/3  for  at 
least  part  of  the  voltage  range  and  we  assign  this  to  the  third-order  Bragg  reflection.  For 
sample  #1  [Fig.  4(a)]  there  is  no  third-order  band  at  0  V,  as  expected,  but  a  new  feature  starts 
appearing  around  200  V  and  moves  to  longer  wavelengths  when  the  position  of  the  main 
reflection  band  is  redshifted  by  increasing  the  applied  voltage.  At  227  V,  the  band  magnitude 
is  about  7%  with  respect  to  the  baseline  set  by  the  0  V  trace.  For  the  other  two  samples, 
2(i)(0)/3  is  below  the  short-wavelength  limit  of  the  measurement  system,  so  we  could  not 
investigate  its  behavior  at  low  voltages.  The  band  becomes  detectable  at  voltages  for  which 
ffE)  is  above  1100  nm,  as  shown  in  Fig.  4(b)  for  sample  #2  at  236  and  250  V  (in  these 
spectra,  the  increases  in  reflectance  above  500  nm  correspond  to  the  rising  edge  of  the 
second-order  band). 


(a) 


(b) 
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Fig.  4.  Reflection  spectra  in  the  range  of  the  main  reflection  band  (bottom  graphs)  and  the 
third-order  mode  (top  graphs)  at  various  voltages:  (a)  sample  #1  (227  V  corresponds  to  0.86 
Ec );  (b)  sample  #2  (250  V  corresponds  to  0.89  Ec ).  The  baseline  for  X  <  450  nm  is  not  flat 
because  of  the  low  detector  and  lamp  efficiency  in  this  range  and  possibly  a  slightly  different 
contribution  from  scattering  for  the  sample  and  reference  scans. 


3.4  Tunable  reflective  devices  with  dark  off-state 

Because  the  second-order  mode  is  not  active  at  0  V  and  the  samples  considered  here  have  the 
main  Bragg  reflection  in  the  near-infrared  range,  the  cells  appear  dark  to  the  eye  in  reflection 
in  the  as-prepared  state.  When  a  potential  difference  is  applied  between  the  electrode  sets,  the 
second-order  mode  becomes  active,  as  discussed  above,  and  the  gap  region  assumes  the  color 
corresponding  to  wavelength  E),  which  is  in  the  visible  range.  The  reflectance  of  the 
second-order  mode  is  large  enough  for  the  coloring  to  be  seen  by  eye  through  the  eyepiece 
and  be  easily  recorded  by  a  CCD  camera  mounted  on  the  microscope,  as  shown  in  the  images 
in  Fig.  5(c-d)  for  two  of  the  samples.  As  the  helix  unwinds  with  increasing  voltage,  kgfE) 
shifts  toward  longer  wavelengths,  as  discussed  in  the  previous  section  [see  spectra  in  Fig. 
5(a)-5(b)]. 

For  all  samples  and  most  voltage  values,  the  section  of  the  gap  regions  bordering  with  the 
electrodes  appear  to  have  a  different  color  from  that  of  the  central  region  of  the  gap.  For 
example,  for  sample  #2,  in  the  second  image  from  the  left  in  Fig.  5(d)  (170  V),  the  gap  center 
is  blue  with  green  stripes  on  either  side.  This  is  due  to  the  fact  that  the  electric  field  strength 
increases  going  from  the  center  to  the  edges  of  the  gap  regions,  and  thus  the  cholesteric  helix 
is  unwound  to  a  larger  extent  in  the  edge  regions  [16].  The  leftmost  and  rightmost  regions  in 
each  of  the  images  are  parts  of  the  electrodes  and  remain  relatively  dark,  with  some  texture 
visible  at  finite  voltages  due  to  the  focal  conic  state  of  the  CLC.  It  should  be  mentioned  that 
the  gap  in  the  rightmost  image  in  Fig.  5(c)  (227  V)  appears  green  because  of  the  presence  of 
the  third-order  band  around  520  nm,  which  can  be  seen  in  the  corresponding  spectrum  [see 
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also  Fig.  4(a)],  as  the  second-order  band  is  already  in  the  NIR  range  (about  800  nm)  at  this 
voltage.  The  third-order  mode,  even  if  rather  weak,  contributes  to  the  gap  color  also  at  219  V. 
This  is  the  reason  for  the  apparent  deviation  from  a  red-shift  in  color  in  the  images  collected 
for  sample  #1  [Fig.  5(c)]. 


Fig.  5.  (Top)  Reflection  spectra  at  gap  center  at  selected  voltages  for  (a)  sample  #1  (227  V 
corresponds  to  0.86  Ec)  and  (b)  sample  #2  (245  V  corresponds  to  0.87  Ec).  The  spectra  are 
displaced  vertically  for  clarity.  (Bottom)  Microscope  images  (natural  light,  reflection  mode)  of 
sections  of  the  same  gap  region  as  the  spectra  (spectra  were  collected  in  the  dark  squares  in  the 
center  of  the  images)  and  of  the  adjacent  electrodes  for  the  same  voltage  values  as  the  spectra 
shown  (with  voltage  increasing  from  left  to  right  for  each  of  the  two  samples):  (c)  sample  #1, 

(d)  sample  #2.  The  size  of  each  image  is  90  pm  x  185  pm. 

The  data  in  Fig.  5  show  that  diffraction  in  the  m  —  2  order  can  constitute  the  basis  for  a 
reflective  electro-optic  device  that  can  be  turned  on  and  then  tuned  by  an  electric  field.  The 
device  would  be  transparent  in  the  off-state  (dark  in  reflection  mode).  This  is  the  main 
difference  with  respect  to  a  CLC  device  that  is  based  on  the  main  (m  =  1)  Bragg  reflection: 
the  latter  would  still  display  a  reflection  band  tunable  toward  longer  wavelengths  as  a  function 
of  increasing  voltage,  but  the  band  would  also  be  present  in  the  off-state.  For  applications  in 
the  visible  portion  of  the  spectrum,  this  alternative  device  would  thus  be  colored  in  the  off- 
state.  In  principle,  a  short-pitch  CLC  mixture  could  be  used,  so  that  2(1)(0)  is  in  the  UV  range 
and  the  reflection  band  enters  the  visible  range  at  some  higher  voltage.  In  this  situation, 
however,  because  of  the  short  pitch  and  the  inverse  dependence  of  Ec  on  pitch  [1,  23],  the 
voltage  needed  to  obtain  a  certain  tuning  range  would  be  approximately  twice  that  required  by 
the  scheme  based  on  second-order  modes.  Any  other  device  based  on  CLCs  with  a  planar 
configuration  cannot  result  in  a  true  switch-on  of  a  reflection  band  in  response  to  an  external 
stimulus,  but  it  may  be  possible  to  design  a  system  for  which  the  band  is  moved  from  outside 
the  region  of  interest.  For  example,  a  blue-shift  of  the  reflection  band  can  be  obtained  in 
CLCs  with  As  >  0  and  top/bottom  electrode  cells,  with  or  without  polymer  stabilization  [24, 
25],  but  the  tuning  ranges  are  typically  small  and  significant  scattering  is  also  present.  Light 
[26,  27]  and  temperature  [28,  29]  could  also  be  used  to  move  the  reflection  band  in  and  out  of 
the  region  of  interest,  but  the  response  times  are  typically  longer. 

As  discussed  in  Section  3.2,  for  all  three  samples  we  observed  discrete  changes  in  pitch 
and  thus  in  the  reflection  band  position  for  all  orders.  This  would  limit  the  applicability  of  the 
devices  to  situations  where  continuous  tunability  is  not  required.  The  discreteness  of  the 
changes,  though,  could  provide  more  stability  against  voltage  fluctuations  or  non-uniformity 
of  electrode  pattern  with  respect  to  a  continuous  pitch  variation  with  field.  For  sample  #2,  five 
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distinct  colors  could  be  obtained  in  the  visible  range  [Fig.  5(d)].  The  device  described  here 
could  be  in  principle  used  as  a  tunable  reflective  fdter.  Due  to  the  presence  of  electrodes,  the 
usable  area  of  the  device  is  smaller  than  the  total  area  of  the  system,  reducing  the  overall 
efficiency  of  the  device  at  any  voltage,  and  the  regions  above  the  electrode  provide  scattering 
background  signal,  which  could  decrease  the  contrast  between  the  in-band  and  out-of-band 
reflectances.  Both  issues  could  be  addressed,  at  least  in  part,  if  the  device  is  used  in 
combination  with  a  lens  array  with  the  same  periodicity  as  the  electrode  pattern,  to  enhance 
the  fraction  of  incoming  light  reaching  the  gap  regions. 

4.  Conclusions 

Measurements  of  reflection  spectra  selectively  from  the  gap  regions  of  cells  with 
interdigitated  electrodes  allowed  us  to  determine  that,  in  many  CLC  mixtures,  electric  field 
induced  second-  and  third-order  Bragg  modes  can  exhibit  large  reflectances.  In  selected 
voltage  ranges,  reflectances  of  30-40%  for  natural  light  have  been  recorded  using  a 
microspectrophotometer  to  spatially  measure  local  reflectivity.  This  suggests  that  the  stop 
band  capabilities  of  periodic  helicoidal  structures  deformed  by  electric  fields  can  be  rather 
efficient.  In  addition  to  providing  information  on  the  intrinsic  properties  of  this  type  of 
periodic  structure  as  a  function  of  electric  field,  this  study  suggests  that  higher-order  modes 
may  be  strong  enough  to  be  exploited  in  electro-optic  devices  operating  in  a  different  manner 
from  those  based  on  the  first-order  mode. 
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